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Abstract. The direct radiative forcing of Saharan dust aerosols has been determined

by combining aerosol information derived from Nimbus-7 TOMS with radiation

measurements observed at the top of atmosphere (TOA) by NOAA-9 ERBE made during

February-July 1985. Cloud parameters and precipitable water derived from the NOAA-9

HIRS2 instrument were used to aid in screening for clouds and water vapor in the

analyses. Our results indicate that under "cloud-free" and "dry" conditions there is a good

correlation between the ERBE TOA outgoing longwave fluxes and the TOMS aerosol

index measurements over both land and ocean in areas under the influence of airborne

Saharan dust. The ERBE TOA outgoing shortwave fluxes were also found to correlate

well with the dust loading derived from TOMS over ocean. However, the calculated

shortwave forcing of Saharan dust aerosols is very weak and noisy over land for the

range of solar zenith angle viewed by the NOAA-9 ERBE in 1985. Sensitivity factors of

the TOA outgoing fluxes to changes in aerosol index were estimated using a linear

regression fit to the ERBE and TOMS measurements. The ratio of the shortwave-to-

longwave response to changes in dust loading over the ocean is found to be roughly 2 to

3, but opposite in sign. The monthly averaged "clear-sky" TOA direct forcing of airborne

Saharan dust was also calculated by multiplying these sensitivity factors by the TOMS

monthly averaged "clear-sky" aerosol index. Both the observational and theoretical

analyses indicate that the dust layer height, ambient moisture content as well as the

presence of cloud all play an important role in determining the TOA direct radiative

forcing due to mineral aerosols.



1. Introduction

Troposphericaerosolsperturbthe radiativeenergybalanceby directly reflecting

andabsorbingsolar radiation [Penneret al., 1994].Houghtonet al. [1990] showed that

the aerosol forcing of climate is comparable in magnitude to the forcing caused by

current anthropogenic greenhouse gases but opposite in sign. The Intergovernmental

Panel on Climate Change (IPCC) estimated that the global-mean direct forcing due to

anthropogenic sulfate and biomass combustion aerosol ranges from -0.3 to -1.5 Wm "2

[IPCC, 1994], while Hansen and Lacis [1990] reported that the calculated forcing due to

anthropogenic greenhouse gases is about 2.3_-+0.25 Wm -2. These results suggest that the

aerosol cooling effect may partially counteract the warming contributed by greenhouse

gas increases over the past few decades.

Among all of the natural and anthropogenic components of tropospheric aerosols,

mineral aerosols (dust) play an important role in climate forcing throughout the entire

year. Several recent papers have modeled the direct forcing of such aerosols using

compiled optical properties of aerosols from various measurements [Tegen et al., 1996;

Sokolik et al., 1998]. However, these studies indicate that there are large uncertainties in
1

the estimation of both shortwave and longwave climate forcing of mineral aerosols. Even

the sign of the net forcing is not well determined. A thorough regionally-dependent

understanding of the chemical, physical and optical properties of aerosols (e.g. chemical

composition, size distribution, particle shape, and refractive index) and their spatial and

temporal distributions (e.g. aerosol optical thickness or mass loading) is required before

we can accurately evaluate aerosol effects in the climate models.
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Sincetroposphericdustaerosolshavea relativelyshort lifetime (a few hoursto

about a week), thereare largevariations in their temporaland spatial distribution. In

order to study their direct and indirect effectson the regional and global-scaleenergy

balance,satellitedataareneededto obtain continuoustemporaland spatial samplingof

both the radiative quantities (such as albedo and fluxes) and aerosol abundance.

Radiation measurementsfrom the Earth Radiation Budget Experiment (ERBE) have

providedwell-calibratedmeasurementsof theradiativequantities.However, thereareno

channelsin theseinstrumentsfor thedetectionof aerosolssothatthe sceneswith aerosol

contaminationcanbeidentified. In orderto calculateaerosolradiativeforcing, additional

sourcesfor their detectionmustbeused.

Therehave beenlimited attemptsto study the regional radiative forcing based

upon a few days of collocated AVHRR and ERBE measurementson NOAA-9

[AckermanandChung,1992;Christopheret al., 1996]. Thesestudiesprovided valuable

informationon the satelliteestimateof aerosolforcing by airbornedust from sandstorm

events in the Saudi Arabian Peninsulaand smoke from biomass burning in South

America. However, the techniqueof separatingclouds from aerosolsin the visible

wavelengthsis time consumingand cannotbe easily doneon a routine basis.Also, th_

separationof the signal due to mineral aerosolsfrom that due to the background

terrestrialenvironmentcanbe difficult, particularly over semi-arid regions [Ackerman

andChung,1992;Tanreet al., 1992].

In this paper,we useTOMS ultraviolet radiancemeasurementsto detectairborne

mineral dust over both land and ocean[Hsu et al., 1996; 1999;Herman et al., 1997;

Torreset al., 1998].We will studytheTOA direct radiativeforcing of airborneSaharan
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dustby combiningTOMS, ERBE,andHIRS2datato separatetheaerosolpixels from the

clear-skypixels, andto isolatetheaerosoleffecton theupwardshortwaveand longwave

fluxesatthetop of theatmosphere(TOA). Thepaperis structuredasfollows.

* After brief descriptionsof the satellitemeasurementsusedin the analysesin

Section2.1-2.3,we will demonstratethe impactof airborneSaharandust on the daily

observationsof theERBETOA outgoinglongwaveandshortwavefluxes in Section2.4.

• In Section 3, we describe how we use these daily satellite measurements to

estimate the sensitivity of the TOA outgoing flux to changes in dust loading over both

land and ocean.

• Calculations of the monthly averaged TOA direct forcing of airborne Saharan

dust are discussed in Section 4.

• In Section 5 we estimate the changes of the TOA outgoing longwave and

shortwave fluxes per unit aerosol optical thickness for sites where sun-photometer

aerosol optical thickness measurements are available.

• We will also compare these satellite-observed values with the calculated values

derived from radiative transfer models.

• Conclusions are summarized in Section 6.
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2. Satellite observations

2.1 TOMS aerosol measurements

Four different TOMS instruments have provided nearly 20 years of daily global-

aerosol measurements since November 1978, with a gap from January 1995 until August

1996. In this study, we use data from Nimbus-7 TOMS (November 1978 to May 1993),

that has a footprint size of roughly 50 x 50 km 2 at nadir and 100x200 km 2 furthest off

nadir (35 cross-orbit scans). The TOMS aerosol data is given in terms of an aerosol index

(AI), determined from the Nimbus-7 TOMS 340 and 380 nm radiances (which have

negligible dependence on ozone absorption), and is defined as:

AI = -i00 { logl0 [ (I340]I380)meas] - log10 [(1340]I380)calc] } (1)

where Imeas is the backscattered radiance measured by TOMS at a given wavelength and

Icalc is the radiance calculated using a radiative transfer model for a pure Rayleigh

atmosphere. Essentially, the AI is a measure of the wavelength dependent change in

Rayleigh scattered radiance from aerosol absorption relative to a pure Rayleigh

atmosphere. The aerosol index is defined so that positive values generally correspond to

UV-absorbing aerosols and negative values to non-absorbing aerosols [Hsu et al., 1996;

Herman et al., 1997; Seftor et al., 1997; Tortes et al., 1998]. Within the range of aerosol

optical depths observed from ground-based sun-photometer instruments under biomass

burning and regions covered by African dust [Hsu et al., 1999], the TOMS AI

measurements are linearly proportional to the AOT. These results are verified by

theoretical calculations [Torres et al., 1998].

Because the reflectance over clouds has only a small wavelength dependence, the

TOMS AI measurements using two ultraviolet channels can distinguish between cloud-



filled and aerosol-filled scenes.This techniquecan also be used to detect absorbing

aerosolsover arid and semi-arid regions. Unlike the thermal-contrastmethod using

infraredchannels,thedetectionof mineral aerosolsby TOMS is not susceptibleto water

vapor absorptionand surface temperaturevariation. Even in the moist Sahel region

during the summermonths,the correlation is high betweenTOMS AI and the ground

sun-photometermeasuredaerosoloptical thickness[Hsu et al., 1999].Using theoretical

modelsimulations,however,Torreset al. [1998] havedemonstratedthat the TOMS AI

dependson not only aerosoloptical thickness(AOT), but also single-scatteringalbedo

andaerosolheight.Althoughtheheightof theSaharandust layer changesfrom winter to

summer,for a given location the dust-plumeheightsare usually fairly repeatableon a

seasonalbasis[Hsuet al., 1999].

2.2ERBE radiation measurements

ERBE includes shortwave (0.2-5 _tm), longwave (5-50 ktm), and total radiation

(0.2-50 p.m) wavelength channels. In order to obtain radiation measurements with the

smallest footprint, we use the ERBE scanner data. The footprint size of ERBE scanner

measurements is approximately 30 km by 45 km at nadir, which is close to that for

Nimbus-7 TOMS.

The details of the inversion algorithm to convert radiance into radiant exitence

(flux) at the top of atmosphere are described in Barkstrom et al. [1989], Smith et al.

[1986] and Suttles et al. [1991]. These inversion procedures essentially constitute two key

elements: scene identification and the use of angular distribution models. Scene

identification is an important step in the determination of the radiant exitence at the top of



atmosphere,since selection of spectral correction, anisotropic factors, and angular

distributionmodelsareall scenedependent.

In the ERBE inversionalgorithm, the surfacescenetypesareclassified into five

different categories:ocean,land, desert,snow, and coastal.Each surface type is then

furthercategorizedinto clear,partly cloudy, mostlycloudy, and overcast.In the caseof

heavysmokeor dust, the ERBE algorithm could misidentify thesepixels as partly or

mostly cloudy, resulting in errorscausedby assumingthe wrong limbdarkening and

bidirectional reflectancemodels for the conversion. In this study, we will use the

archivedERBE TOA albedoandflux measurements,and assumethat the effect of the

misclassificationon thesatellite-estimatedaerosolforcing is small.

2.3 HIRS2 cloud and water vapor measurements

To isolate the aerosol effect on the radiative budget, the screening of scenes

containing clouds and high water vapor content is important. In our study, information on

cloud fraction, cloud-top pressure, surface temperature, and precipitable water was

provided by data from the NOAA-9 HIRS2 instrument. TOMS reflectivity data were also

used as an additional source for cloud screening. The measurements of cloud parametdr

and precipitable water used are part of the TOVS Pathfinder Path A data set developed by

Susskind et al. [1997]. The fields are gridded on a 1° x 1° latitude-longitude grid.

Comparisons of these HIRS products against radiosonde data and ECMWF reanalysis

indicate that the quality of the HIRS product is adequate for use in climate studies

[Susskind et al., 1997].



2.4Examplesof satellitedaily maps

To demonstrate the effect of airborne Saharan dust in the regional radiation

budget on a daily basis, examples of the daily observations of ERBE radiant flux and

TOMS aerosol loading are shown for the region of interest (which includes the

Sahara/Sahel areas and the eastern Atlantic). Plate 1 (top) depicts maps of the daily TOA

outgoing longwave fluxes observed by the NOAA-9 ERBE scanner in February 1985,

while the corresponding daily composites of aerosol index and reflectivity derived from

TOMS are shown in Plate 1 (bottom). Clouds are usually associated with higher

reflectivity values, and are represented by the gray color shown in the bottom left color

bar.

According to the NCEP reanalysis data for early February 1985, an anticyclone

centered near Spain was observed with ridge axes extending to western Africa. On the

500-hPa surface, this anticyclone was sandwiched by a strong deep trough over the north

Atlantic and another deep trough centered near Cyprus. This combination created a large

pressure gradient and strong surface winds, which lifted dust from sources in West Africa

and near Lake Chad. Consequently, intense dust plumes were seen over Mauritania,

Western Sahara, Senegal, Mali, and Chad.
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Plate I (Top) Maps of the top-of-atmosphere longwave upwelling fluxes observed

by the NOAA-9 ERBE scanner in February 1985. The corresponding daily

composites of aerosol index and reflectivity derived from TOMS are depicted in

Plate I (Bottom). Clouds are usually associated with relatively higher reflectivity

and are represented by the gray color shown in the bottom left color bar.

The contrast of TOA longwave fluxes between the dust-laden and clear-sky

conditions over land is shown by the f'u'st two maps (i.e. February 3 and 12) on the top

panel. Compared to February 12, the TOA outgoing longwave flux on February 3

decreased by 20-40 W/m 2 in the territories over Mauritania, Mali, and Algeria. These

locations are consistent with areas where TOMS, as shown on the bottom panel, detected

dust aerosols. More dust storm events were observed over the Sahel region in mid

February 1985. On February 14, TOMS detected high dust loading in the region near

Niamey, Niger as shown in Plate 1. A reduction in TOA outgoing longwave flux was as

much as 10-50 W/m 2 in this area. As dust plumes swept through the continent into the
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Atlantic, the aerosoleffecton theTOA longwaveflux wasalsoobservedoverocean.One

example,using satellite measurementstakenon February27, shows good correlation

betweenthe TOMS observedaerosoldistribution and the changesin TOA longwave

fluxes over the Atlantic just westof Senegal.The TOA outgoing longwaveflux in the

easternAtlantic wasreducedfrom 290-300W/m2to 260-280W/m2on this day.

Plate 2 shows the imagesof ERBE TOA outgoing shortwavefluxes and the

correspondingTOMS aerosolindex and reflectivity. The areasincludedin theseimages

are centeredover the Atlantic just west of Africa, since the responseof the TOA

shortwavefluxes derivedby ERBE to changesin dust loading is not clearly seenover

land in our analyses.This is consistentwith the finding of Ackmanand Chung [1992]

usingERBE andAVHRR measurementsover theSaudiArabianPeninsula.On February

4, theeffectof thedustplumewasapparentin theTOA shortwavefluxes in the Atlantic

just westof Senegal.Therewerecloudspresentin thenorthwestcornerof map,resulting

in anincreasein theshortwavefluxes in thatregion.

On average,theTOA outgoingshortwavefluxes increaseddueto the presenceof

dustaerosolsfrom approximately100W/m2to asmuchas 180W/m2. This dustplume

continuedto move to the west, and on February6 aerosolswere only detectedin the

upperand left-bottom part of the map.Cloudswere also presentin the top part of the

map.The increasein theTOA shortwaveflux observedin the dusty regionon this day

was about20 to 80 W/m2. On February 13, most of the region was dust-freeand the

valuesof theTOA shortwavefluxesdroppedbackto theoceanbackgroundlevelof about

100W/m2.On February27,anotherintenseduststormoccurrednearWesternSaharaand
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Mauritania, resulting in increases of more than 80 W/m 2 in TOA outgoing shortwave

fluxes over a vast area of water south of Tenerife and Canary Islands.

ERBE Shortwave Flux & TOMS AI

Feb. 4, 1985 Feb. 6, 1985 Feb. 13, 1985 Feb. 27, 1985

B

Watts/m e

Reflectivity (%) Aerosol Index

Hate 2 (Top) Similar to Plate I (top), except for the top-of-atmosphere shortwave

upwelling fluxes. (Bottom) The TOMS aerosol index and reflectivity represented in

the similar way as in Plate 1 (bottom). The areas included in these images are

centered over the Atlantic just west of Africa.
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3. Method and Results

In this section, we discuss how the radiative forcing of mineral aerosols is

calculated using the daily satellite measurements described above. The resulting response

of TOA radiation due to the presence of mineral aerosols will be shown over both land

and ocean. Since both TOMS and ERBE data are snapshot types of measurements taken

at near noon and 2:30 p.m., respectively, no time averaging is involved in our estimate of

dust radiative forcing. Therefore, the radiative forcing in this study is referred as "direct"

or "instantaneous" forcing by aerosols. The Level 2 TOMS aerosol and ERBE flux

measurements for the period from February 1985 to July 1985 were binned into 1° x 1°

gridded data sets. Since the footprint sizes of both TOMS and ERBE are approximately

45 km by 45 km, the sensitivity to the presence of inhomogeneous subpixel clouds and

the underlying ground is roughly the same for both instruments. The combined

TOMS/ERBE data were then screened using the 1° x 1° gridded HIRS2 data for the

pixels with clouds and water vapor contamination (total precipitable water < 3.5 cm).

Figure 1 (top) shows the plot of the gridded daily ERBE TOA upward longwave

fluxes vs. TOMS AI measurements using the method mentioned above for a 2 ° x 2 ° box

over Africa (29°-31 ° N; 5°-7 ° E) for the month of July. It is apparent that there is a goo_

correlation between the TOA outgoing longwave flux and TOMS AI at this location. The

linear-regression fit to these data is represented by the solid line with slope and intercept

of -9.9 (+0.9) and 349.8 (+1.8), respectively. The l-a (one standard deviation) errors

associated with the regression line coefficients are given in parentheses. The pixels with

clouds and high water vapor content were filtered out of the analyses. It is apparent that

the ERBE TOA upward longwave fluxes decrease with increasing dust loading.
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Figure 1 (Top) The relationship of the daily gridded ERBE TOA longwave fluxes

and TOMS AI measurements for a 2 ° x 2 ° box in Africa (29°-31 ° N; 50-7 ° E) for the

month of July. The linear-regression fit to these data is represented by the solid line.

(Bottom) The relationship of the daily gridded ERBE TOA shortwave fluxes and the

TOMS AI measurements for a 2 ° x 20 box in the Atlantic (250-27 ° N; 19°-21 ° W) for

the month of July.

A similar plot for the ERBE TOA shortwave fluxes vs. TOMS AI data in the

Atlantic (250-27 ° N; 19°-21 ° W) is shown in Figure 1 (bottom). The pixels with clouds

and high water vapor content were also filtered out of the analyses. The slope and the

intercept of the linear-regression line for the shortwave are 21.4 (+2.7) and 91.4 (+4.4),

respectively. As seen from this figure, the TOA outgoing shortwave fluxes correlate well
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with theTOMS AI over ocean. The ERBE TOA upward shortwave fluxes appear to

increase with increasing dust loading.

If we define the dust radiative forcing as the difference between the ERBE flux

measured under the dust-laden conditions to that under clear-sky, dust-free conditions,

and assume such forcing can be approximated as a simple linear function of the amount

of airborne dust, the relationship between the TOA upward flux and dust loading can be

expressed as follows:

F ? TOA IZz'_ TOA
= i clear sky "t- sensitivity * AI

I_'_ TOA
where F _T°A denotes the TOA ERBE measured daily flux during daylight and • clear sky

represents the TOA ERBE flux obtained under clear-sky conditions. If statistically

significant, the regression line slopes in Figure 1 represent the sensitivity factor of the

TOA ERBE flux to changes in aerosol loading and the intercept value is the TOA flux in

the dust-free condition. Note that aerosol forcing defined in this fashion is opposite in

r,?rOA FSTOA).sign to the quantities usually used by climate models (i.e., , clear sky - We will

apply this regression analysis for each 1° x I ° grid box to calculate the longwave and

shortwave sensitivity factors throughout the entire region of interest.

3.1 TOA flux sensitivity to dust loading over land

Figure 2 shows the longwave sensitivity factors, averaged over a 5 ° latitude band,

derived over regions where significant amounts of airborne dust are often observed for

February (top) and July (bottom) 1985. Since the maximum dust belt moves northward
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from Februaryto July, the Februarycasewas representedby the Sahara/Sahelregion

(15° to 20° N; 0° to 15° W) andtheJulycasewasrepresentedby theSahararegion (29° to

33° N; 5° W to 15° E). For February1985,the valuesof theTOA longwavesensitivityto

airbornedustover land arearound-16+4W/m2perunit AI. Thesevalueswere found to

be fairly consistentthroughoutthe Sahara/Sahelregion during February,except for the

regionnearequatorialAfrica wherelow valuesof longwavesensitivity were observed.

Theselow valuesover the equatorialforestsaremost likely due to the effect of smoke

generatedfrom biomassburningthatoftenoccursin this regionduringFebruary.
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Figure 2. Values of the longwave sensitivity factor derived over land as a function of

longitude. The sensitivity factors derived for each 1 ° x 1 ° grid box were averaged

over a 5 ° latitude band for 15 ° - 20 ° N during February (top), and 29 ° - 33 ° N during

July (bottom). Circles represent the mean values and bars denote 1-c_ of the

sensitivity factors derived within the latitude band.
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The values of longwave sensitivity factors for July 1985 are approximately -9_+1.5

W/m z per unit AI over land as shown in Figure 2 (bottom). These values are commonly

found in the entire region north of 20 ° N, except in the mountain areas where higher

values are obtained. The correlation of high sensitivity factor and terrain pressure could

be due to artifacts associated with algorithms over high-altitude terrain. For the region

south of 20 ° N in July, there are not enough data points that pass the screening of low

precipitable water (<3.5 cm) to conduct a regression analysis. If only a cloud screening is

applied in our analysis, regardless of the water vapor content, the change in longwave

radiation caused by dust storms is found to be very small in the Sahel (south of 17 ° N) in

July. This could be due to cancellation between the effect of airborne dust and water

vapor during dust storm events.

Figure 3 depicts the seasonal variations (February to July 1985) of total

precipitable water from HIRS2 measurements for the southern zone (15°-20 ° N; 5°-10 °

W) and the northern zone (270-32 ° N; 5°-10 ° W). Because the Intertropical Convergence

Zone (ITCZ) is near its southernmost position in February, the water vapor content is

generally low north of 10 ° N in the region of interest. Thus, the analyses of the sensitivity

factor are less susceptible to problems arising from water vapor contamination. Howevei',

as the position of the ITCZ moves northward from winter to summer, the corresponding

water vapor content becomes significantly higher in the southern zone (15°-200 N; 5°-10 °

W) in July compared to that in February. The total precipitable water increases slightly in

the northern zone from February to July, producing a strong north-south gradient in the

total precipitable water from 15° N to 30 ° N during July.
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Figure 3. The seasonal variations (February to July 1985) of total precipitable

water from HIRS2 measurements for the south zone (15°-20 ° N, 5°-10 ° W) (+

symbols) and the north zone (270-32 ° N, 5°-10 ° W) (* symbols). Because the position

of the ITCZ moves northward from winter to summer, the corresponding water

vapor amount is significantly higher in the south zone (15°-20 ° N, 5°-10 ° W) during

July compared to that in February.

Figure 4 depicts the relationship between the 440 nm aerosol optical thickness and

s

precipitable water measured by the ground sun photometer at Bidi Bahn, Burkina Faso

(14 ° N, 2.4 ° W) during June-July 1996. There is clearly an anti-correlation between the

aerosol optical thickness and precipitable water during this period. The ambient

atmosphere is generally very moist (total precipitable water often >6 cm) in the Sahel

during the month of July. As the dust plume passes by the sun-photometer site, it brings

in a large amount of airborne dust as well as drier air. According to Tanre and Legrand

[1991], the radiative effect of a variation of 1 g/cm 2 in precipitable water corresponds to a
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variationof 1 in aerosol optical thickness. Therefore, accurate water vapor measurements

are crucial in the estimation of aerosol forcing, particularly in the region south of 20 ° N

during the summer months.
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Figure 4. The relationship between the 440 nm aerosol optical thickness and

precipitable water measured by the ground sun photometer at Bidi Bahn, Burkina

Faso (140 N, 2.4 ° W) during June-July, 1996. The aerosol optical thickness appears

to be anti-correlated with the precipitable water during this time period.

i

In contrast to the longwave response, the shortwave response is difficult to

determine over land for both February and July 1985. Figure 5 shows the relationship

between the ERBE TOA upward shortwave flux and TOMS aerosol index for the same

region over Africa (29°-31 ° N; 50-7 ° E) as in Figure 1 (top) for the month of July. It is

apparent that the response of the TOA shortwave flux to dust loading is very weak over

the desert surface for the range of solar zenith angle viewed by the NOAA-9 ERBE in

1985 (i.e., SZA ~ 20 ° - 30 ° for tropics).
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Figure 5. The relationship of the daily gridded ERBE TOA shortwave fluxes and

TOMS AI measurements for the same region in Africa (29°-31 ° N; 50-7 ° E) as in

Figure 1 (top) for the month of July. The response of the TOA shortwave flux to

dust loading is observed to be weak over land compared that over ocean.

3.2 TOA flux sensitivity to dust loading over ocean

Comparisons of the monthly averaged longwave and shortwave sensitivity factors

of the ERBE TOA upward fluxes over ocean in February are shown in Figure 6. The

values presented in the figure are the averaged sensitivity factors over the latitude band

15 ° -20 ° N as a function of longitude. The longwave sensitivity factors over the ocean are

around -10 _+ 2.5 W/m 2 per unit AI. Compared to the February value over land shown in

Figure 2, there is clearly a difference in the response of the TOA upward longwave flux

to changes in dust loading between land and ocean. This difference is most likely due to

the difference in the surface temperature between land and ocean [Ackerman and Chung,

1992]. The values for the shortwave response over ocean are approximately 25 _ 6 W/m 2

per unit AI in February. The ratio of the absolute value of TOA shortwave to longwave
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forcing is about 2.5 over ocean in February. This indicates that there is a net cooling

effect due to the presence of mineral aerosols in the atmosphere over ocean in February.
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Figure 6. Comparisons of the monthly averaged longwave and shortwave sensitivity

factors of the ERBE TOA upward fluxes over ocean in February. Circles represent

the mean sensitivity values over 15 ° - 20 ° N latitude, and bars denote 1-_ of the

sensitivity factors derived within the latitude band.

Figure 7 shows the longwave and shortwave response to dust loading over the

latitude band 25o-30 ° N for July 1985. The general pattern of the land/ocean contrast in

the longwave response to dust loading is again observed during the month of July. The

values for the longwave responses in July are around -6 _ 1.5 W/m 2 per unit AI, which

are smaller by as much as 30% than the values over land, as shown in Figure 3. The
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valuesfor theshortwaveresponseoveroceanareapproximately17_ 3 W/m2perunit AI

in July.Theratio of theabsolutevalueof theTOA shortwaveto longwaveforcing is less

than3 overoceanin July. Becausethereareoftencloudspresentoveroceanin theregion

southof 20° N in thesummermonth,thenumberof themeasurementsmadeundercloud-

freeconditionsin this regionwasnot enoughfor a definitedeterminationof the radiative

forcingof mineralaerosols.
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Figure 7. Similar to Figure 6, except for the latitude band 250-30 ° N over ocean for

July 1985.
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4. Monthly averaged TOA "clear-sky" radiative forcing of Saharan dust

To obtain the monthly averaged TOA "clear-sky" radiative forcing of dust (using

the method described above), we multiply the monthly mean sensitivity factor of TOA

outgoing longwave and shortwave flux with the monthly mean TOMS aerosol index

taken on "cloud-free" days. Plate 3 (top) and (bottom) shows the longwave and

shortwave forcing of the Saharan dust for February 1985, respectively. The monthly TOA

"clear-sky" longwave forcing can be as much as -15 to -30 W/m 2 over land and -10 to -15

W/m 2 over ocean. For the shortwave, the February TOA forcing is as much as 10 to 30

W/m 2 over ocean. Thus the Saharan dust results in a cooling effect on the atmospheric

radiation over ocean in February by as much as 15 W/m 2 on a monthly basis.

The region south of 10 ° N is usually under the influence of smoke generated from

biomass burning from December to March and is not shown in Plate 3. Based upon the

TOMS satellite data and ground sun-photometer aerosol optical thickness data, the

occurrence of the sandstorm events was quite frequent in February 1985 [Hsu et al.,

1999]. There is a latitude shift from land to ocean in the maximum dust forcing that

corresponds to a similar shift in the distribution of dust. This is due to the direction of the

prevailing winds at this time of the year
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Monthly Mean TOA LW Forcing for February 1985

I
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Plate 3. The monthly averaged TOA Iongwave (top) and shortwave (bottom)

forcing of the Saharan dust for February 1985. The Saharan dust results in a

monthly-average cooling effect on the atmospheric radiation over ocean during

February by as much as 15 W/m 2.

The July monthly averaged TOA "clear-sky" longwave forcing is generally from -

10 to -25 W/m 2 over land and -3 to -12 W/m 2 over ocean (see Plate 4). Compared to the

February case, the maximum dust forcing occurs at higher latitudes near 25° N. The

increased moisture in the Sahel region during July causes there to be only a small amount
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of longwaveforcing evenin the presenceof significantamountsof dust plumesin the

regionsouthof 20° N shownin Plate4. For the shortwave,theJulyTOA dust forcing is

asmuchas40-50W/m2overocean.Thereis anetcoolingeffectof asmuchas25W/m2

dueto thepresenceof theSaharandustoveroceanin July.

Monthly Mean TOA LW Forcing for July 1985

Monthly
i

o o o b b b b a ,m
Wott_/m'

Plate 4. Similar to Plate 3, except for July 1985. There is a net cooling effect of as

much as 25 W/m 2 due to the presence of the Saharan dust over ocean in July.
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4.1 Effect of clouds on monthly mean dust forcing

It is important to note again that the TOA dust forcing shown in Plate 3 and 4 is

for cloud-free conditions. Only satellite measurements obtained on cloudless days were

included in the calculation of the monthly-mean dust forcing. Yet, the TOA mineral-dust

forcing can be very sensitive to the presence or absence of clouds. Using radiative

transfer simulations, Liao and Seinfeld [1998] have demonstrated that the diurnally

averaged TOA longwave forcing due to mineral aerosols becomes negligible when

clouds are present, while longwave forcing plays an important role in the radiative budget

under clear-sky conditions. They also showed that the TOA shortwave forcing could

change sign from cooling the atmosphere under clear-sky conditions to warming the

atmosphere when the dust layer is above clouds.

In an attempt to investigate cloud presence on the monthly averaged longwave

dust forcing, we conducted a study where we included cloudy-scene satellite

measurements in the calculation of monthly averaged forcing and assumed that longwave

forcing is zero for cloud/mineral aerosol mixed pixels. The results show that the monthly

mean TOA longwave forcing can be reduced by 30 - 50% for July 1985. Therefore,

when radiative forcing derived from satellite observations is compared with that froth

model simulations, the effect of clouds must be taken into account.
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5. Radiative forcing of dust in terms of aerosol optical thickness

While there are nearly twenty years of aerosol index measurements taken from

TOMS, extensive ground based sun-photometer measurements of AOT have only

become available recently. The aerosol index has been shown to be proportional to

aerosol optical thickness (AOT) using ground based sun-photometer data [Hsu et al.,

1999]. We will use the results of Hsu et al. to derive the TOA radiative forcing as a

funtion of AOT. These results, which are based upon the Earth-Probe TOMS data and

the sun-photometer data from AERONET [Holben et al., 1998] can be summarized as

follows:

Cape Verde (Ocean) (Feb.-Mar. 1997): AOT = 0.70 (_ 0.10) *AI + 0.04 (_ 0.14)

Cape Verde (Ocean) (May-Aug. 1997): AOT = 0.37 (_+0.04) *AI + 0.12 (_+0.07)

Bidi Bahn (Land) (Feb.-Mar. 1997): AOT = 0.85 (_+0.05) *AI - 0.18 (_+0.09)

Bidi Bahn (Land) (May-Aug. 1997): AOT = 0.30 (_+0.05) *AI + 0.25 (_ 0.11)

Based upon these relationships, and the aerosol wavelength adjustment constarit

between Nimbus-7 and Earth-Probe TOMS [Hsu et al., 1999], we converted the dust

forcing per unit AI shown in the previous section into per unit AOT for the sun-

photometer sites. Figure 8 shows the TOA longwave and shortwave forcing for both land

and water for two different months. The latitude for the land and ocean case is 10 ° - 20 °

N for February and 25 ° - 30 ° N for July. The TOA longwave forcing is approximately

-32 W/m2/AOT over land in February and -36 W/m2/AOT over land in July. The TOA
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longwaveforcing overoceanis about-20W/m2/AOTin Februaryand-24 W/m2/AOTin

July. The shortwaveforcing over oceanis roughly 52 W/mE/AOTin Februaryand 60

W/mE/AOTin July. The solarzenithanglescorrespondingto theseERBE measurements

areapproximately20° - 30 °.
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Figure 8. Summary of the estimated TOA longwave and shortwave direct forcing of

dust per unit AOT over land and ocean surfaces for February and July

6. Theoretical simulations of TOA direct forcing of airborne dust

These observed results can be compared with radiative calculations using a 1-

dimensional version of the GEOS-2 GCM radiative transfer model [Chou, 1992; Chou

and Suarez, 1994]. To calculate the TOA longwave and shortwave fluxes, we first choose

vertical profiles for temperature, moisture and cloud fraction on 8 August 1988 at 24 ° N,

25 ° W (ocean) and 24 ° N, 12 ° W (land) from the GEOS-2 assimilation.
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A second calculation uses a modified version of the radiative transfer model that

accounts for the spectral dependence in aerosol optical depth, single scattering albedo and

asymmetry factor. These profiles are calculated from the conditions occuring on 8 August

using four dust particle size ranges, simulated by a dust transport model (Paul Ginoux,

personal communication) and optical parameters for Sarahan dust based on Mie

scattering theory. The dust optical parameters, which are dependent on wavelength and

particle size, were provided by A. Lacis, and are the same values used in recent radiative

calculations by Tegen and Lacis [1996].

The differences between the clean and dusty atmosphere TOA upward flux

(defined in the same fashion as in Section 3) are shown in Figure 9 for the long and short

wave bands. The ERBE observations were made at approximately 2:30 p.m. local equator

crossing time, which is close to 15 GMT for the profile locations. The change in TOA

shortwave flux over ocean at 15 GMT (long dashed) is not quite linear with AOT (as

shown in the left panel). There is a 75 W/m z increase in TOA shortwave flux for the first

AOT and less of a reduction for each additional AOT. This is consistent with the

observed 60 W/m z increase in SW over ocean in Figure 8. The TOA shortwave flux also

increases with increasing AOT at all zenith angles.

However, over land (as shown in the right panel) the situation is more complex.

At low zenith angles, absorption by dust reduces the TOA outgoing shortwave radiation

(dotted line). At high zenith angles enough of the radiation that would have been

absorbed at noon is now scattered back to space and the TOA upward shortwave flux

actually increases (solid and dotted-dash lines). The TOA shortwave flux over land is not
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sensitive to atmospheric dust loading at 15 GMT (long-dash line), which explains the

poor relationship between the ERBE observed TOA shortwave flux and AI over land.

Changes in TOA flux from African mineral aerosol, August 8 1988
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Figure 9. The model-calculated differences between the clean and dusty atmosphere

TOA upward longwave and shortwave flux (defined in the same fashion as in

Section 3). The ERBE observations were made at approximately 2:30 p.m. local

equator crossing time, which is close to 15 GMT for the profile locations. (Left) The

response of the TOA upward shortwave flux to changes in AOT over ocean as a

fuction of solar zenith angle; (Right) Similar to (the left), except for the land

condition; (Center) The sensitivity of the model-calculated TOA instantaneous

longwave dust forcing to dust layer height, moisture content, and the presence of

clouds.
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The center panel shows the sensitivity of the TOA longwave radiation over land

to elevation of the dust layer, the moisture content and the presence of clouds. The solid

line is the standard profile (assuming dust height = 0.3 km, precipitable water = 3.3

g/cm z, and no cloud), and it shows a decrease of about 17 W/m 2 in TOA longwave flux

per unit AOT. This is significantly less than the observed 32 W/m 2 per unit AOT shown

in Figure 8. However, the model-calculated response of the longwave radiation changes

significantly with changes to the input parameters. For example, the decrease in the

longwave radiation becomes 22 W/m 2 per unit AOT when the ambient precipitable water

is decreased by 50 % (long-dash line). Also, as the dust height was elevated from 0.3 km

to 2.3 km, the TOA longwave flux decreases by 27 W/m 2 per unit AOT under the same

moisture condition of 3.3 g/cm 2. Finally, placing a cloud at 12 km (bold curve)

significantly reduces the sensitivity of LW TOA to dust loading which is consistent with

the results of Liao and Seinfeld (1998).
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7. Conclusions

In this study, we derive the TOA direct forcing of airborne Saharan dust using

satellite data from TOMS and ERBE. Our results clearly indicate that the signature of the

mineral aerosols can be traced in the longwave and shortwave fluxes at the top of the

atmosphere. For "cloud-free and dry" conditions, the ratio of the shortwave to longwave

forcing due to Saharan mineral dust is found to be roughly 2 to 3, but opposite in sign,

over ocean for both February and July. It indicates a net cooling effect in the atmosphere

over ocean. However, over land and when the solar zenith angle is about 20 ° - 30 °, the

response of the ERBE shortwave flux to changes in dust loading seems to be weak and

noisy, while the observations show a strong longwave forcing in the same region. The

results of the TOA direct forcing due to airborne Saharan dust on the daily and monthly

basis are summarized in Table 1.

Table 1. Summary of the daily and monthly TOA direct radiative forcing of

airborne Saharan dust for both Iongwave and shortwave fluxes (in units of W/m 2)

W/m 2)

LW
Daily

SW

Land -10 ~ -50

10 ~ 30 (Feb)Ocean 20 ~ 100 -5--30
40 - 50 (Jul)

Monthly (W/m 2)

SW LW

- 15 ~ -30 (Feb)

-10- -25 (Jul)

-10 - -15 (Feb)

-3 - -12 (Jul)

For "moist" conditions, such as in the Sahel during summer time, we found that

there is a very weak response of the longwave radiation to the passage of the Saharan

dust layer. This may be due to the fact that the effect of mineral aerosol nearly cancels

out with the water vapor effect on the longwave radiation, as a result of the anti-
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correlationfound betweentheprecipitablewaterandaerosoloptical thicknessthe Sahel

region.

Sincethe Nimbus-7TOMS dataweretakennearnoon and the NOAA-9 ERBE

measurementswere made at around2:30 p.m., this time difference could potentially

introduce uncertaintiesin our results. To investigateuncertaintiesdue to this time

difference,weconductedsimilaranalysesusingtheNimbus-7TOMS measurementsand

ERBE data from the ERBS satellite takenduring July 30 - August 6 1988. The time

differencebetweenmeasurementsfrom thesetwo satellitesduring this time waslessthan

30 minutes.We found that the responsesof the longwaveand shortwavefluxes to dust

loading derived from this experimentare similar to thosedeterminedabove. This is

probably due to the fact that although the temporalvariation in clouds is large, the

amounts of airborne dust associatedwith large-scaledust storms do not change

significantly betweennoonand early afternoon(on a 1° x 1° grid averagescale).Other

factors,whichcouldpotentiallyimpacttheresultsof our analyses,includetheuncertainty

associatedwith theeffectsof randomnoiseandnaturalatmosphericvariability. However,

theyareexpectedto besmallsinceweusealargeamountof satellitemeasurementsmade

overavastareaduringseveralmonths(Februaryto July).

The effects of troposphericaerosolsand water vapor in climate forcing are

complex in the real atmosphere.Simulationsby GCM modelsdependgreatly on the

input aerosolproperties,andwill notbewell determinedin theabsenceof simultaneously

measuredaerosoland water-vapordata. Basedupon in-situ measurementstaken in

different regionsof the world, there is a very wide rangeof the optical propertiesof

mineralaerosols[Sokolik andToon, 1999].Our resultsprovideuseful constraintson the
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modelassumptionsof thesedustaerosolpropertiesand furtherreducethe uncertaintyin

determiningtheaerosoleffecton radiationbudgetfor regionalandglobal climatemodels.
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Figure 2.

Figure 3.

Figure Captions

Plate 1. (Top) Maps of the top-of-atmosphere longwave upwelling fluxes observed

by the NOAA-9 ERBE scanner in February 1985. The corresponding daily

composites of aerosol index and reflectivity derived from TOMS are

depicted in Plate 1 (Bottom). Clouds are usually associated with relatively

higher reflectivity and are represented by the gray color shown in the

bottom left color bar.

Plate 2. (Top) Similar to Plate 1 (top), except for the top-of-atmosphere shortwave

upwelling fluxes. (Bottom) The TOMS aerosol index and reflectivity

represented in the similar way as in Plate 1 (bottom). The areas included in

these images are centered over the Atlantic just west of Africa.

Figure 1. (Top) The relationship of the daily gridded ERBE TOA longwave fluxes

and TOMS AI measurements for a 20 x 2 ° box in Africa (29°-31 ° N; 50-7 °

E) for the month of July. The linear-regression fit to these data is

represented by the solid line. (Bottom) The relationship of the daily

gridded ERBE TOA shortwave fluxes and the TOMS AI measurements

for a 2 ° x 2 ° box in the Atlantic (250-27 ° N; 19°-21 ° W) for the month of

July.

Values of the longwave sensitivity factor derived over land as a function

of longitude. The sensitivity factors derived for each 1° x 1 ° grid box were

averaged over a 5 ° latitude band for 15 ° - 20 ° N during February (top),

and 29 ° - 33 ° N during July (bottom). Circles represent the mean valuds

and bars denote 1-ff of the sensitivity factors derived within the latitude

band.

The seasonal variations (February to July 1985) of total precipitable

water from HIRS2 measurements for the south zone (15°-20 ° N, 5°-10 ° W)

(+ symbols) and the north zone (270-32 ° N, 5°-10 ° W) (* symbols). Because

the position of the ITCZ moves northward from winter to summer, the

corresponding water vapor amount is significantly higher in the south

zone (15°-20 ° N, 5°-10 ° W) during July compared to that in February.
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Figure 4.

Figure 5.

Figure 6.

Figure 7.

Plate 3.

Plate 4.

Figure 8.

Figure 9.

The relationship between the 440 nm aerosol optical thickness and

precipitable water measured by the ground sun photometer at Bidi Bahn,

Burkina Faso (14 ° N, 2.4 ° W) during June-July, 1996. The aerosol optical

thickness appears to be anti-correlated with the precipitable water during

this time period.

The relationship of the daily gridded ERBE TOA shortwave fluxes and

TOMS AI measurements for the same region in Africa (29°-31 ° N; 50-7 °

E) as in Figure 1 (top) for the month of July. The response of the TOA

shortwave flux to dust loading

compared that over ocean.

Comparisons of the monthly

sensitivity factors of the ERBE

is observed to be weak over land

averaged longwave and shortwave

TOA upward fluxes over ocean in

February. Circles represent the mean sensitivity values over 15 ° - 20 ° N

latitude, and bars denote 1-a of the sensitivity factors derived within the

latitude band.

Similar to Figure 6, except for the latitude band 250-30 ° N over ocean for

July 1985.

The monthly averaged TOA longwave (top) and shortwave (bottom)

forcing of the Saharan dust for February 1985. The Saharan dust results

in a monthly-average cooling effect on the atmospheric radiation over

ocean during February by as much as 15 W/m 2.

Similar to Plate 3, except for July 1985. There is a net cooling effect of as

much as 25 W/m 2 due to the presence of the Saharan dust over ocean in

July.

Summary of the estimated TOA longwave and shortwave direct forcing

of dust per unit AOT over land and ocean surfaces for February and

July.

The model-calculated differences between the clean and dusty

atmosphere TOA upward longwave and shortwave flux (defined in the

same fashion as in Section 3). The ERBE observations were made at

approximately 2:30 p.m. local equator crossing time, which is close to 15
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GMT for the profile locations. (Left) The response of the TOA upward

shortwave flux to changes in AOT over ocean as a fuction of solar zenith

angle; (Right) Similar to (the left), except for the land condition; (Center)

The sensitivity of the model-calculated TOA instantaneous Iongwave dust

forcing to dust layer height, moisture content, and the presence of clouds.

Table 1. Summary of the daily and monthly TOA direct radiative forcing of

airborne Saharan dust for both longwave and shortwave fluxes (in units of W/m e)

D ly
SW

W/m 2)

LW

- 15 ~ -30 (Feb)

Land - 10 - -50 -10 - -25 (Jul)

10 ~ 30 (Feb) -10 - -15 (Feb)
Ocean 20- 100 -5 --30

40 - 50 (Jul) -3 ~ -12 (Jul)

Monthly (W/m 2)

SW LW


